To test the hypothesis that hyporesponsiveness to ghrelin due to reduced growth hormone (GH) contributes to the aging-related hyperinflammatory state in sepsis. Summary Background Data: Sepsis and septic shock are a serious problem, particularly in the geriatric population. Ghrelin is an endogenous ligand for the GH secretagogue receptor 1a (GHSR1a, ie, ghrelin receptor). The decline in GH with age is directly associated with many adverse changes that occur with aging. However, the role of GH, ghrelin, and GHSR1a in the age-associated vulnerability to sepsis remains unknown. Methods: Male Fischer 344 rats (young: 3 months; aged: 24 months) were used. Plasma GH levels, ghrelin receptor expression, and neuronal activity in the parasympathostimulatory nuclei of the brain stem in normal young and aged animals were measured. Endotoxemia was induced by intravenous injection of lipopolysaccharide (LPS, 15 mg/kg BW). Results: While LPS-induced release of proinflammatory cytokines from macrophages isolated from aged rats decreased, LPS injection resulted in an in vivo hyperinflammatory state. GH levels were lower in aged rats, which was associated with lower expression of GHSR1a in the dorsal vagal complex and a decrease in parasympathostimulatory neuronal activity. GHSR1a antagonist elevated LPS-induced cytokine release in young rats. GH increased GHSR-1a expression in the dorsal vagal complex in aged rats. Coadministration of ghrelin and GH, but not ghrelin alone or GH alone, markedly reduced cytokine levels and organ injury after endotoxemia in aged rats, which was associated with significantly elevated parasympathostimulatory neuronal activity. Conclusions: These findings suggest that the reduced central (brain) responsiveness to ghrelin due to the decreased GH, plays a major role in producing the hyperinflammatory state, resulting in severe organ injuries and high mortality after endotoxemia in aged animals. Ghrelin and GH can be developed as a novel therapy for sepsis in the geriatric population. (Ann Surg 2009;250: 126 -133) From the
S epsis, a life-threatening inflammatory disorder representing the immune response to an infection, is a common disorder affecting nearly 750,000 people annually in the United States. 1 It is particularly a serious problem in the geriatric population. A recent study has shown that the elderly (Ն65 years of age) account for 12% of the US population and 65% of sepsis cases, yielding a relative risk of 13.1 compared with younger patients. 2 Case-fatality rates increase linearly by age; age is an independent predictor of mortality in an adjusted multivariable regression. 2 Although this problem is increasingly recognized, the underlying mechanism(s) responsible for this age-associated vulnerability remain largely unknown.
The vagus nerve is an important link between the autonomic nervous system and immune cells, which has been suggested for more than 70 years. 3 The majority of efferent vagus nerve fibers originates from the dorsal motor nucleus (DMN) of the vagus within the dorsal vagal complex (DVC) of the brain stem. 4 The DVC consists of the DMN, the nucleus tractus solitarius (NTS), and the area postrema (AP), being parasympathostimulatory. This "parasympathetic" nerve emanates from the cranium and innervates all major organs in a subconscious way. Tracey found that after administration of lipopolysaccharide (LPS) in the rat, electrical stimulation of the vagus nerve via the activation of nicotinic acetylcholine receptors (␣ 7 receptors), prevented both the release of tumor necrosis factor (TNF) from macrophages and death. [5] [6] [7] [8] Ghrelin, a novel gastrointestinal hormone, was first identified in 1999 as an endogenous ligand for the growth hormone (GH) secretagogue receptor type 1a (GHSR-1a, ie, ghrelin receptor). 9 In addition to its GH-releasing properties, 10 ghrelin has now been proved to possess other endocrine and nonendocrine activities including anti-inflammation. [11] [12] [13] [14] Ghrelin can cross the blood-brain barrier. [15] [16] [17] It has been demonstrated that ghrelin activates the vagus nerve and vagal blockade abolishes ghrelin-induced GH secretion. 18 The stimulatory effect of ghrelin on the vagus nerve is mainly mediated via the central nervous system. 19 -21 This is not surprising, because ghrelin receptors are expressed at a high density in the brain, 22, 23 especially in the DMN and NTS. 24, 25 Our recent study has clearly demonstrated the direct effect of ghrelin on inflammatory cytokine release from macrophages is negligible. 26 On the other hand, vagotomy prevents the downregulatory effect of ghrelin on inflammatory cytokines in rat models of polymicrobial sepsis and intestinal ischemia-reperfusion. 26, 27 Although the detailed central and visceral neuronal signaling evoked by systemic ghrelin administration remains obscure, these findings suggest that ghrelin may be an endogenous mediator regulating the immune system through the vagus nerve. In humans, GH levels decline approximately 15% per decade after age 25. 28 The decline in GH with age is directly associated with many adverse changes that occur with aging. 28, 29 However, the role of GH, ghrelin, and GHSR1a in the age-associated vulnerability to sepsis remains unknown. The purpose of the current study was to test the hypothesis that hyporesponsiveness to ghrelin due to reduced GH plays a major role in aging-related hyperinflammatory state in septic shock.
MATERIALS AND METHODS

Experimental Animals
Male Fischer 344 rats (young: 3 months old; aged: 24 months old) were provided by the National Institute on Aging, and housed in a temperature controlled room on a 12-hour light or dark cycle and fed on a standard Purina rat chow diet. Before the induction of endotoxemia, rats were fasted overnight but allowed water ad libitum. All experiments were performed in accordance with the National Institutes of Health guidelines for the use of experimental animals. This project was approved by the Institutional Animal Care and Use Committee of the Feinstein Institute for Medical Research.
Animal Model of Endotoxemia
Rats were anesthetized with isoflurane inhalation, the inguinal region was shaved and washed with 10% povidone-iodine and a short subinguinal incision was made. The femoral vein was carefully separated from the artery and cannulated with a catheter (PE-50 tubing). A bolus injection of LPS (15 mg/kg BW; Escherichia coli 055: B5 in 200 L normal saline; Sigma, St. Louis, MO) was given through the femoral vein catheter. Blood and tissue samples were collected 4 hours after LPS injection.
Determination of Plasma Ghrelin, GH, TNF-␣, and IL-6
Plasma levels of ghrelin, GH, TNF-␣, and Interleukin-6 (IL-6) were quantified using an enzyme-linked immunosorbent assay (ELISA) kit specifically for ghrelin (Linco Research Inc, St. Charles, MO), rat or mouse GH (Diagnostic Systems Laboratories, Webster, TX), rat TNF-␣, or IL-6 (BD Biosciences, San Diego, CA). The assay was carried out according to the instructions provided by the manufacturer.
Determination of Plasma Transaminases, Lactate, and Bilirubin
Plasma concentrations of alanine aminotransferase (ALT), aspartate aminotransferase (AST), lactate, and bilirubin were determined by using assay kits, according to the manufacturer's instructions (Pointe Scientific, Lincoln Park, MI).
Cell Culture
Peritoneal macrophages and Kupffer cells were isolated from normal young (3-month-old) and aged (24-month-old) rats. Briefly, peritoneal macrophages were isolated by peritoneal lavage with Hanks balanced salt solution, as we described previously. 26 Kupffer cells were isolated by collagenase perfusion of the liver, isopycnic sedimentation in a Percoll gradient, and selective adherence. 30 The isolated peritoneal macrophages and Kupffer cells were cultured in Dulbecco's modified Eagle medium (DMEM) containing 10% heat inactivated fetal bovine serum, 10 mM HEPES, 100 U/mL penicillin, and 100 g/mL streptomycin at the concentration of 10 6 cells/mL and plated at a density of 5 ϫ 10 5 /well in 24-well cell culture plates. After being washed twice with Hanks balanced salt solution, the cells were cultured in culture medium containing various concentrations of LPS (0, 1, 10, and 100 ng/mL) for a period of 24 hours. The supernatant levels of cytokines (TNF-␣ and IL-6) were measured by ELISA, as described above.
RNA Extraction and Determination of GHSR-1a Genes
The DVC was isolated from the brain stem of aged and young rats. Total RNA was extracted from DVC by Tri-Reagent (Molecular Research Center, Cincinnati, OH). RNA concentration and purity were determined by measuring the absorbance at 260 and 280 nm. RNA (5 g) from each tissue was reverse-transcribed in a 20 L reaction volume containing 50 mM KCl, 10 mM Tris-HCl, 5 mM MgCl 2 , 1 mM dNTP, 20 U RNase inhibitor, 2.5 mM oligo d(T)16 primer, and 50 U reverse transcription. The reverse transcription reaction solution was incubated at 42°C for 1 hours, followed by heating at 95°C for 5 minutes. One L cDNA was amplified with 0.15 M each of 3Ј and 5Ј primers, specific for rat GHSR-1a 31 (AB001982: 5Ј GAG ATC GCT CAG ATC AGC CAG TAC 3Ј, 5Ј TAA TCC CCA AAC TGA GGT TCT GC 3Ј) and rat glyceraldehydes-3-phosphate-dehydrogenase 32 (M17701: 5Ј TGA AGG TCG GTG TCA ACG GAT TTG GC 3Ј, 5Ј CAT GTA GGC CAT GAG GTC CAC CAC 3Ј) in 25 L of polymerase chain reaction (PCR) mixture containing 50 mM KCl, 10 mM Tris-HCl, 2 mM MgCl 2 , 0.2 mM dNTP, and 0.7 U AmpliTaq DNA polymerase. PCR was carried out in a Bio-Rad thermal cycler. After RT-PCR, 5 L of the reaction mixture was electrophoresed in 1.2% Tris-borate-EDTA (TBE)-agarose gel containing 0.22 g/mL ethidium bromide. The gel was then developed and band intensities were normalized by glyceraldehydes-3-phosphate-dehydrogenase, using the Bio-Rad image system (Hercules, CA).
Western Blotting Analysis of GHSR-1a
Tissue samples (DVC) were lysed and homogenized in lysis buffer (10 mM Tris buffer saline ͓TBS͔, 1 mM EDTA, 1 mM EGTA, 2 mM Na orthovanadate, 0.2 mM PMSF, 2 g/mL leupeptin, 2 g/mL aprotinin, 1% Triton ϫ100) for 30 minutes on ice, and cleared by centrifugation at 14,000 rpm for 15 minutes at 4°C. Protein (50 g) were fractionated on 4% to 12% Bis-Tris gel and transferred to 0.2 m nitrocellulose membrane. Nitrocellulose blots were blocked by incubation in Tris-buffered saline Tween 20 (TBST; 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween 20) containing 5% milk for 1 hours. Blots were incubated with rabbit antirat GHSR-1a IgG (1:5000, Alpha diagnostic International, San Antonio, TX) overnight at 4°C. The blots were then washed in TBST 5 times for 10 minutes. Blots were incubated with HRP labeled goat antirabbit IgG for 1 hours at room temperature, then washed 5 times in TBST for 10 minutes. A chemiluminescent peroxidase substrate (ECL, Amersham Biosciences) was applied according to the manufacturer's instructions, and the membranes were exposed briefly to x-ray film. The band densities were normalized by ␤-actin using the Bio-Rad imaging system.
c-Fos Immunohistochemistry
Expression of the immediate-early gene product c-fos has been widely used as a marker of neural activity in the brain. 33 To determine whether aging is associated with decreased neuronal activity in the DVC, the rat brain samples were fixed in 10% buffered formalin solution and processed for paraffin sections. Serial sections of the brain were collected. The paraffin sections were dewaxed and rehydrated, followed by microwave antigen retrieval procedure. Slides were soaked in 20% citric acid buffer, pH 6.0 (Vector Labs, Burlingame, CA), and heated in the microwave oven and maintain the temperature at 95°C for 15 minutes. The slides were cooled in room temperature for 5 minutes and then rinsed with TBS (PH: 7.5). Endogenous peroxidase was blocked by 2% H 2 O 2 in 60% methanol for 20 minutes. Normal goat serum (2%) was used to block the nonspecific binding sites. The sections were then incubated in 1:400 rabbit antirat ghrelin polyclonal antibodies (Phoenix Pharmaceuticals, Belmont, CA) for 1.5 hours at room temperature. After washing with TBS, the sections were reacted in 1:200 biotinylated antirabbit IgG (Vector Labs, Burlingame, CA) for 0.5 hours. Vectastain ABC reagent and DAB kit (Vector Labs) were used to reveal the immunohistochemical reaction. For the negative control, the primary antibody was substituted by normal rabbit IgG.
Administration of Ghrelin Receptor Antagonist
͓D-Arg 1 D-Phe 5 D-Trp 7,9 Leu 11 ͔-Substance P To define the role of ghrelin receptor downregulation in producing hyperinflammatory responses during the aging process, a specific and potent ghrelin receptor antagonist, ͓D-Arg 1 D-Phe 5 D-Trp 7,9 Leu 11 ͔-substance P (0.4 mol/kg BW in 1 mL normal saline, Bachem, Torrance, CA), 34 was administered to 3-month-old Fischer 344 rats over a period of 30 minutes, starting 1 hours before LPS injection (15 mg/kg BW). Plasma levels of TNF-␣, IL-6, ALT, AST, and lactate were measured at 4 hours after LPS injection, as described above.
Administration of Ghrelin and GH
A femoral vein was cannulated with a PE-50 tubing under anesthesia (isoflurane inhalation). Rat ghrelin alone (20 nmol/kg BW, Phoenix Pharmaceuticals, Belmont, CA), rat GH alone (25 g/kg BW, ProSpec-Tany TechnoGene, Israel), ghrelin and GH in combination (20 nmol/kg BW and 25 g/kg BW, respectively), or vehicle (0.5 mL normal saline) was administered intravenously as a bolus at 30 minutes before LPS injection (15 mg/kg BW) in 24 months old (aged) rats. Plasma levels of TNF-␣, IL-6, ALT, and AST were measured at 4 hours after LPS injection as described above.
Statistical Analysis
All data are expressed as mean Ϯ standard error (SE) and compared by 1-way analysis of variance (ANOVA) and Student-Newman-Keuls test for multiple group analysis or Student t test for 2 group analysis. Differences in values were considered significant if P Ͻ 0.05.
RESULTS
Aging Exacerbates the Proinflammatory Response and Worsens Tissue Injury in Endotoxemia
As shown in Figures 1A, B , although plasma levels of TNF-␣ and IL-6 increased at 4 hours after LPS injection in young animals, the elevation of these cytokines was much greater in aged animals (P Ͻ 0.05). This result indicates that a more severe hyperinflammatory response occurs in aged animals in response to the same dosage of LPS. The aged animals were also associated with severe tissue injury at 4 hours after LPS injection, as evidenced by significantly elevated levels of circulating AST (P Ͻ 0.05, Fig 
Reduced Production of Proinflammatory Cytokines From Isolated Macrophages in Response to LPS in Aged Animals
Although proinflammatory cytokines TNF-␣ and IL-6 increased significantly in vivo after LPS injection in aged versus young animals, to our surprise, TNF-␣ production or release was significantly lower in both peritoneal macrophages ( Fig. 3A) and Kupffer cells ( Fig. 3B ) collected from aged rats than those from young rats at 24 hours after LPS stimulation in. Similarly, LPSinduced IL-6 release was also significantly lower in peritoneal macrophages and Kupffer cells isolated from aged animals at 24 hours after LPS stimulation, as compared with the cells from young animals (Figs. 3C, D) . A short incubation time (4 hours) also resulted in a similarly lower TNF-␣ and IL-6 release from both LPS-stimulated peritoneal macrophages and Kupffer cells isolated from aged animals (data not shown).
Plasma Ghrelin is Further Reduced in Aged Animals in Endotoxemia
As indicated in Figure 4 , basal plasma levels of ghrelin are 79.6% higher in aged as compared with young rats (Sham, P Ͻ 0.05). At 4 hours after LPS injection, plasma ghrelin decreased by only 82.4% in young, but decreased by 97.9% in aged animals (P Ͻ 0.05, Fig. 4 ).
Aging Reduces Ghrelin Receptor Expression and Neuronal Activity in the Parasympathostimulatory Nuclei of the Brain Stem in Normal Animals
To determine whether aging is associated with decreased brain ghrelin receptor expression and neuronal activity, the DVC was isolated from the brain stem of aged and young rats. The DVC contains several nuclei involving in parasympathetic activity (ie, DMN of the vagus, NTS, and AP), which control the vagus nerve efferent output. As shown in Figures 5A, B , both the gene expression and protein levels of the ghrelin receptor were significantly decreased in the DVC in aged as compared with young rats. Immunohistochemistry showed that c-fos staining in the DMN is decreased in aged rats (Fig. 5D , indicated by arrows) versus young rats (Fig. 5C ). Thus, aging is accompanied by reduction in both brain ghrelin receptor expression and neuronal activity in the parasympathostimulatory nuclei under normal conditions.
Ghrelin Receptor Blockade Exacerbates Inflammatory Responses and Organ Injury in Young Rats After LPS Injection
To further define the role of ghrelin receptor downregulation in producing hyperinflammatory responses during the aging process, a specific ghrelin receptor antagonist, ͓D-Arg 1 D-Phe 5 D-Trp 7,9 Leu 11 ͔-substance P 34 , was administered to young animals before LPS injection. As shown in Figures 6A, B 
GH Sensitizes Activity of Ghrelin by Increasing the Central Ghrelin Receptor Expression in Aged Animals
As indicated in Figure 8A , normal plasma GH levels were 48% lower in aged rats than young rats (P Ͻ 0.05). Interesting, GH administration increased ghrelin receptor gene expression and protein levels in the DVC of aged rats by 59% and 66%, respectively (P Ͻ 0.05, Figs. 8B, C). To determine whether GH sensitizes ghrelin's anti-inflammatory effects, we administered GH alone, 
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Ghrelin and Sepsis in the Elderly ghrelin alone, or GH and ghrelin in combination at 30 minutes prior to LPS injection in aged rats. As shown in Figures 9A, B , neither ghrelin alone nor GH alone significantly decreased plasma levels of TNF-␣ and IL-6 at 4 hours after LPS injection. In contrast, coadministration of ghrelin and GH markedly reduced TNF-␣ and IL-6 levels (P Ͻ 0.05, Figs. 9A, B) . Similarly, organ injury indicators (ie, AST and ALT) were attenuated only after coadministration of ghrelin and GH after LPS injection in aged animals (P Ͻ 0.05, Figs. 9C, D). Regarding the neuronal activity, c-fos expression in the DMN markedly decreased (Fig. 10B , indicated by arrows) as compared with the sham control (Fig. 10A ) at 4 hours after LPS injection in aged rats. Ghrelin alone increased c-fos expression to a certain degree (Fig. 10C) . Similarly, GH also increased c-fos expression in LPS-injected rats (Fig. 10D ). Coadministration of GH and ghrelin after LPS injection, however, significantly upregulated DMNs c-fos expression ( Fig. 10E ), suggesting a synergistic effect of ghrelin and GH in aged animals.
DISCUSSION
Sepsis is particularly a serious problem in the geriatric population. The incidence of sepsis increases from Ͻ0.05% in 20-to 29-year-old to 1.0% to 1.5% in 70-to 79-year-old and up to 2.6% in Ͼ85-year-old persons. 1 Nearly 60% of all cases of sepsis occur in patients older than 65 years of age, and 80% of septic deaths occur in this population. 1, 2, 35 The mortality rate also significantly increases with age, from 10% to 15% in patients 20-to 29-year-old to 38.4% in those over 85-year-old. 1 Although it is assumed that the increased incidence and mortality rate of sepsis in the elderly is the result of the impaired immune response, the effects of aging on the immune system are not well understood. Here, we showed that while LPSinduced release of proinflammatory cytokines is lower in macrophages isolated from aged than young rats, LPS injection results in an in vivo hyperinflammatory state in aged animals, characterized by further increased proinflammatory cytokines, and more severe tissue injury. Those "conflicting" findings reflect the complexity of the aging process and its influence on inflammation and inflammatory mediators. The reduced proinflammatory cytokine release under in vitro conditions might be the result of the low toll like receptor 4 gene expression in macrophages of aged mice, rendering the macrophage less responsive to LPS. 36 For the in vivo hyperinflammatory response to LPS in aged animals, it is possible that different cells may be responsible for cytokine production. However, we as well as other investigators have shown that reduction of the number of macrophages (including Kupffer cells) prior to the insult significantly decreases plasma levels of proinflammatory cytokines. [37] [38] [39] [40] In this regard, we speculate that the regulation of cytokine production appears to be impaired in aged animals, leading to the unrestricted proinflammatory cytokine production.
Activation of the vagus nerve during systemic stress confers a protective advantage to the host by restraining a potentially adverse peripheral immune response. 41 An underlying defect in the activity of the cholinergic anti-inflammatory pathway may trigger an overwhelming and self-destructive immune response to an otherwise innocuous immunologic stimulus and thus contribute to disease pathogenesis. 41, 42 Although it is not currently known whether vagus nerve activity in the heart correlates with the activation of the cholinergic anti-inflammatory pathway, there have been reports of decreased cardiac vagus nerve activity in diseases associated with exaggerated inflammatory responses. 41 Clinical observations implicate a significant correlation between decreased instantaneous heart rate variability and increased morbidity and/or mortality in sepsis, rheumatoid arthritis, lupus, sarcoidosis, inflammatory bowel diseases, and trauma. [43] [44] [45] [46] In the current study, we showed that parasympathostimulatory neuronal activity in the DMN decreased in aged rats, as demonstrated by the reduced c-fos expression. Thus, the impaired cholinergic anti-inflammatory pathway may be responsible for the increased morbidity and mortality in sepsis in elderly patients.
Interestingly, the reduced parasympathostimulatory neuronal activity is associated with the downregulated ghrelin receptor expression in the DVC in aged rats. Administration of a specific ghrelin receptor antagonist further increases proinflammatory cytokines and worsens tissue injury in young rats after LPS injection. Ghrelin is an orexigenic hormone, and can stimulate the vagus nerve through central ghrelin receptors. 19 -21 Despite some controversial reports, 47, 48 evidence has indicated that under normal conditions, gastric ghrelin gene expression and its levels in the stomach and plasma increase during the aging process. 49, 50 Moreover, aging is associated with reduced responsiveness to ghrelin stimulation. 51 In addition to the downregulated ghrelin receptor expression, we showed that although the basal levels of plasma ghrelin are much higher in aged rats, ghrelin is reduced to a much greater extent after endotoxemia compared with young rats. Thus, reduction of the central ghrelin signals occurs during the aging process, which may in turn impair the cholinergic anti-inflammatory pathway.
Our recent study has indicated that administration of ghrelin in sepsis improves cardiovascular function, attenuates organ injury, and reduces mortality in young animals. 14, 52 Beneficial effect of Ghrelin in sepsis in young animals is associated with its antiinflammatory properties, requiring the intact vagus nerve. 26 The beneficial effect of ghrelin has been confirmed by others in a rat model of endotoxemia. 53 As indicated in this study, however, Annals of Surgery • Volume 250, Number 1, July 2009 Ghrelin and Sepsis in the Elderly administration of ghrelin failed to protect aged rats with endotoxemia. A low dose of GH upregulates ghrelin receptor and c-fos expression in the DVC in aged animals. Moreover, treatment with ghrelin and GH in combination significantly attenuates proinflammatory cytokines and organ injury after LPS injection in aged animals, suggesting GH sensitizes ghrelin responsiveness under such conditions. The decline in GH with aging is directly associated with many symptoms of aging including wrinkles, gray hair, hair loss, decreased energy, decreased sexual function, loss of muscle mass, increase in body fat, depression, cardiovascular disease, osteoporosis, and overall lower life expectancy. 28 To the best of our knowledge, our current study is the first one to link the age-related decline in GH, with the increased incidence and mortality rate of sepsis in the elderly. Human GH is widely used as an antiaging therapy, although its use for this purpose has not been approved by the US Food and Drug Administration and its distribution as an antiaging agent is illegal in the United States. 54 Randomized controlled trials evaluating GH therapy in the healthy elderly suggest that it is associated with small changes in body composition and increased rates of adverse events. 29, 54 Although it cannot be recommended as an antiaging therapy, our current study suggests that a low dose of GH may be used as a ghrelin sensitizing agent for sepsis treatment in the geriatric population. A recent clinical trail has shown that large doses of GH (ie, 100 g/kg BW daily for up to 21 days; maximum dosage at 2100 g/kg BW) are not beneficial for critically ill adults. 55 Although high levels of GH (Ͼ200 fold higher than the normal value) have been shown to decrease ghrelin receptor expression in the pituitary in young rats, 56 a reduced central responsiveness to ghrelin in those patients may contribute to the failure of the previous clinical trial. 55 Moreover, the use of GH alone instead of both GH and ghrelin may also play a role in the failure. The dosage of ghrelin used in this study was based on our previous experience in rat models of sepsis 13 and gut ischemia reperfusion injury. 27 The dosage of GH used in this study was based on our preliminary study in which 5 to10 nM GH significantly increased ghrelin receptor expression in differentiated neuroblastoma SH-SY5Y cells. Most importantly, this dose of GH significantly elevated ghrelin receptor expression in the DVC of aged rats. Nevertheless, a dose-response curve of GH and ghrelin will be determined in our future studies.
As summarized in Figure 11 , we have shown that agingrelated hyperinflammation is associated with central hyporesponsiveness to ghrelin, reducing parasympathostimulatory neuronal activity in the DVC of the brain stem. This hyporesponsiveness is caused by ghrelin receptor downregulation. Plasma levels of ghrelin are reduced to a much greater extent in aged rats with endotoxemia. Administration of a specific ghrelin receptor antagonist further increases cytokines and worsens tissue injury in young rats with endotoxemia. Moreover, aged rats are associated with reduced GH release. A low dose of GH upregulates ghrelin receptor expression in the DVC in aged rats. Treatment with ghrelin and GH reduces cytokine release and attenuates tissue injury in aged rats. The main purpose of this study was to explore the molecular mechanisms of aging-related alterations in systemic inflammation. Endotoxemia is a valuable animal model in elucidating pathophysiologic mechanisms responsible for cell and organ dysfunction observed in sepsis. As such, the rat model of endotoxemia was used in this study. However, the therapeutic potential and the optimal dose of GH and ghrelin in sepsis in aging will be evaluated in more clinically relevant models of sepsis such as cecal ligation and puncture in our future studies. In conclusion, the reduced central (brain) responsiveness to ghrelin due to the decreased GH, plays a major role in producing the hyperinflammatory state, resulting in severe organ injuries and high mortality after endotoxemia in aged animals. Administration of ghrelin and GH in combination may be a novel approach to reduce sepsisinduced lethality in the geriatric population. FIGURE 11. Balanced inflammatory responses are essential elements of a successful host response after injury. However, excessive and sustained inflammatory responses can lead to severe tissue damage. Stimulation of the vagus nerve can rapidly attenuate systemic inflammatory responses through inhibiting the activation of Kupffer cells (KC)/macrophages (M). This physiological mechanism, termed "the cholinergic anti-inflammatory pathway," can reflexively monitor and adjust the inflammatory response to prevent excessive inflammation. The majority of efferent vagus nerve fibers originate from the DMN of the vagus within the DVC of the brain stem. The DVC consists of the DMN, the NTS, and the AP, being parasympathostimulatory. In aged animals, the reduced responsiveness to ghrelin in the DVC due to decreased GH impairs the efficacy of the cholinergic anti-inflammatory pathway, thereby leading to the hyperinflammatory state and subsequent local and remote organ injuries. ACh indicates acetylcholine; nAChR, nicotinic acetylcholine receptor.
